Electrofiltration of hydrosols in fixed-bed filters was studied experimentally. The experimental variables examined included media type, electric field strength, and suspension pH values. The extent of particle removal was found to improve with the application of the electric field, and lower pH values favor particle collection. The filtrate quality displayed the transient behavior of increasing particle concentration with time. A simple model which assumes that the filter coefficient decreases linearly with the extent of deposition was developed and found capable of predicting the observed behavior.
INTRODUCTION
The application of an external electric field to assist in the separation of solid-liquid systems has been investigated in the past. Beechold (1) utilized a combination of electroosmosis and electrophoresis to purify colloids in an apparatus he called an electroultrafilter. Much later, Bier (2) reported the development of a membrane technique using an electric field to dewater colloidal suspensions. Henry (3) further discussed the status of crossflow/electrofiltration module development, reviewed many applications of cross-flow filtration, and discussed various mathematical models of interpreting cross-flow filtration performance data. Later, Henry et al. (4) considered the influence of fluid shear tangential to the filter medium and incorporated the concentration polarization concept in his model. However, until now this kind of application of electric field has been largely restricted to cake filtration (5) and sludge dewatering (6) . Most of the research in this area is aimed at correlating the applied strength with the hydraulic pressure difference across the filter and filter cake.
There are only a few reported studies related to the influence of external electrical field on deep-bed filtration of liquids (7) (8) (9) . In the absence of any external forces, particles may be entrained by fluid streamlines passing around filter grains (or collectors). Capture takes place if particles come close to filter grains to allow short-range attractive Van der Waals forces between the respective surfaces of particle and collector to induce 1 To whom all correspondence should be addressed.
attachment. Detailed experimental and theoretical studies have been carried out in this field (10, 11) . In electrofiltration, electrophoretic moment adds a component of particle motion toward filter grains and increases the probability of particles approaching sufficiently close to collector surfaces and consequently being captured (7) . Judd and Solt (8) studied the electrophoretically assisted depth filtration of aqueous suspensions through various fibrous media and pointed out some new concepts and phenomena. The rate of change of the collector efficiency with the field strength was found to be weakly dependent on the electrical and dielectric conductivity of the fibrous media. Barker et al. (9) investigated the filtration of submicron particles suspended in an organic liquid with the application of a high-voltage electric field to a bed of glass spheres.
The objective of the present investigation is to conduct an experimental study of deep-bed filtration of aqueous suspensions using filter media composed of conducting and nonconducting granules and applying electric fields of different strengths. Other experimental variables studied included grain size and suspension pH values. A simple model based on the excluded area concept was found capable of describing the observed transient behavior.
MATERIALS AND METHODS

Apparatus
The experimental apparatus and the process flow scheme used in the experiment are shown in Fig. 1 . The main components of the apparatus included a suspension preparation tank, a pump, an overflow constant-head tank, and an experimental filter column with two mesh platinum electrodes on the adjustable top and fixed bottom, respectively (see Fig. 2 ) for applying an external electric field. In order to avoid electrolysis, the electric field applied was kept below 25 V/cm. The flow rate of the suspension was controlled with a rotameter and flow-rate control valve. The suspension preparation tank was a 10-L plastic container equipped with a circulation pump to prevent the suspended particles from settling and agglomerating. The experimental filter column was constructed from a 5-cm-diameter and 35-cm-long Plexiglas cylinder. The filter depth was kept at about 30 mm mostly and the distance between the electrodes was 45 mm. A nylon 100-mesh screen was placed at the bottom of the filter (above electrode) as filter grain support. The filter column was 394 ZHANG ET AL.
FIG. 1.
Schematic diagram of experimental setup. placed 1.5 m below the overflow constant-head tank. The superficial flow velocity of the suspension in the filter column was maintained at 0.24 cm/s for all runs. Sampling ports, one for influent and the other for effluent samples, were placed 40 mm above and 60 mm below the support nylon screen, respectively.
Materials
Four different types of Nylon 6 and polystyrene (PSt) materials were obtained from Goodfellow Corp. (London, England, UK). The Nylon 6 materials were further modified to incorporate conductive polypyrrole (PPy), according to the method reported by Sung and Sung (12) . A total of six different materials was used as filter media and their characteristics are listed in Table 1 . Before the start of an experiment, the filter column was filled with deionized water (DI water) for at least 24 h in order to remove air bubbles trapped in the bed. a Both Nylon 6 granules and powder were modified with polypyrrole (PPy) to change their conductivities. The method used was similar to the one reported for Nylon 6 film modification (9) . After coating with polypyrrole, Nylon 6-PPy granules and powder were used as filter media. For such modified Nylon 6-PPy, the resistivity was about 1 K · cm-1 M · cm, depending on the period of its immersion in DI water which may be adjusted lasting 1 h to 24 days.
b Conductive PSt granules of 3 × 3 × 1.25 mm were obtained by cutting up PSt sheets of 1.25-mm thickness.
FIG. 2. Details of experimental filter.
Suspensions
The suspended particles used in the experiments were polystyrene latex (3.063 ± 0.03 µm) obtained from Duke Scientific Corp. (Palo Alto, CA). DI water and 0.1 M HCl were used to prepare the test suspensions with pH ranging from 3.5 to 5.5. The conductivity of polystyrene latex suspension ranged from 0.1 to 12.5 µS/cm, depending upon the pH of the suspension. To ensure a constant influent concentration, test suspensions were stirred for about half an hour before the start of an experiment.
Analysis
A particle counter (Coulter Multisizer II, Coulter Electronics Limited, England, UK) equipped with a multichannel analyzer and interfaced with a computer was used to determine particle concentration and size distribution of the influent and effluent samples. The particle counter was calibrated using standard particles (9.70 µm) supplied by the manufacturer. Zeta potentials of the test particles at different pH values were measured using a Zetaplus analyzer (Brookhaven Instruments Corp., NY).
The zeta potentials of the six different types of filter grains were measured under different pH values. The filter grains were placed into a 250-ml conical flask with 100 ml aqueous solution of pH in the range from 2.5 to 6.0. The pH was adjusted by adding HCl. The filter grain solutions were shaken on the shaker for 72 h, and a small portion was decanted for zeta potential measurement. Figure 3 shows an example of the particle size distribution in the decanted solutions. Compared with the blank test without any filter grains in the DI water, small micron-sized particles apparently dropped from the filter grain surface by the shaking process. Therefore the zeta potential of the small particles in the decanted solution was considered to be the zeta potential of filter grain.
RESULTS
The experimental results reported in this work are the effluent particle concentration histories from the experimental filters. Influent and effluent samples were taken at regular intervals and their particle concentrations determined. Each experiment lasted approximately 30 min. The experimental conditions are listed in Table 2 .
TABLE 2 Summary of Experimental Conditions
The effects of several variables on filter performance were examined. The variables included the electric field applied, the pH value of the solution, and the filter media type. All the data collected displayed strong transient state behavior (i.e., the effluent concentration changes with time). We will first present a qualitative discussion of the effect of the experimental variables mentioned above followed by a quantitative interpretation of the transient state data and a simple model formulation. Figure 4 shows the effect of the applied electric field on filter performance in terms of the effluent/influent concentration ratio, C eff /C in . For experiments with electric field application, the field direction was maintained to be opposite to that of the suspension flow since the suspended particles were negatively charged. For the nonconducting filter media, the electric field was found to improve particle collection throughout the various stages of filtration [so that the (C eff /C in ) vs time curve with electric field is always below that without electric field] although there were some uncertainties for the case of Nylon 6 granules in the earlier stage of filtration. That the effluent concentration increased with time was at variance with the observations of Judd and Solt (7, 8) , but similar to those found in the filtration of colloid particles by a number of investigators (13) (14) (15) (16) . It is well known that particle deposition may cause changes in filter media and/or the nature of surface interactions between suspended particles and filter grains leading to the so-called transient behavior of deep-bed filtration. The former possibility would not apply to this case since the increase in C eff occurred at values of specific deposit which should have no significant effect on media structure (14) . The possible change of the surface interactions, however, is a viable option in evaluating the transient behavior, which will be elaborated in a later section.
Effect of the Electric Field
It can be seen from Fig. 4 that with or without the application of an electric field, the conductive filter media (such as Nylon 6-PPy powder/granule and Cond. PSt granule) in general resulted in higher particle collection efficiency when compared to the nonconducting media. An exception is seen when Nylon 6 powder is used at a pH of 3.5 (Fig. 4a) . Under these conditions the collection efficiency is the highest observed and the corresponding conducting medium (Nylon 6-PPy) gives a slightly lower collection efficiency. Thus, it appears that in the electrofiltration process, a conductive filter medium can improve particle collection efficiency especially under less favorable conditions.
Effect of the pH Values
The improvement of particle removal at low pH values can be easily observed, as shown in Fig. 5 . A possible explanation can be offered from Fig. 6 : The zeta potential of the suspended particles (ζ p ) increases with an increase in pH. On the other hand, with increasing pH, the zeta potential of filter grains (ζ g ) gradually decreases. One can therefore expect a greater "excluded area" effect in the transient behavior at high pH values, and particle-grain interaction can be expected to be more favorable at low pH. Consequently, the particle-grain interaction can be expected to be more unfavorable at pH 5.5 than that at pH 3.5. However, once the pH of the solution reaches about 2.5, electrolysis takes place and the values of zeta potential cannot be accurately measured. 
Effect of Filter Grain Size and Conductivity
As expected, filtrate quality is significantly affected by the size of filter grains. It is clear from Fig. 7 that filter grains of smaller size give better electrically augmented particle capture than larger ones. Since Nylon 6 and Nylon 6-PPy filters have different surface charge densities, this gives rise to different likelihood for particle capture. Comparing the Nylon 6 and Nylon 6-PPy data (Figs. 4a to 4c) , it can be seen that greater collection was achieved with Nylon 6-PPy when the conditions led to less favorable interaction, i.e., larger filter grains and higher pH. With smaller grains and lower pH, Nylon 6 grains performed slightly better than Nylon 6-PPy. Similarly, as can be seen from from Fig. 4d , it can be easily concluded that conductive PSt (resistivity of 10 2 -10 5 M · cm) gave better particle removal than the highly insulating PSt (resistivity of ∼10 15 M · cm) filter grains which gave unsatisfactory performance for particle capture.
DISCUSSION
An attempt will now be made to quantitatively interpret the filtration data and present a simple model for the observed transient behavior. The equations describing deep-bed filtration are (17)
where C and σ denote the particle concentration (vol/vol) of the suspension and the specific deposit, i.e., the volume of deposited particle per unit volume of filter bed, u is the liquid suspension superficial velocity, and λ is the filter coefficient. The independent variables are the axial distance, Z , and the corrected time, θ , defined as
where t is the time (beginning with the introduction of the suspension into the filter) and ε is the filter porosity. The simplest and most commonly used initial and boundary conditions are
namely the bed is initially clean and free of deposited particles. C in is the influent particle concentration.
The solution of the above set of equations provides a complete description of the dynamic behavior of deep-bed filtration. To obtain the solution, specific information about the filter coefficient, λ, must be known. Generally, λ is a function of the state of filter media as well as the operating variables. Identifying and determining this function are therefore major tasks in the modeling filtration process.
Initial Filter Coefficient
Initially, for a homogeneously packed filter, λ is constant throughout the filter and is equal to λ 0 , the initial filter coefficient. Equations [1] - [4] can be easily solved to give
where C eff is the effluent particle concentration, and L is the filter height. From effluent concentration history data, by extrapolation, (C eff /C in ) θ →0 can be obtained from which λ 0 can be determined according to Eq. [5] . The results are summarized in column a of Table 3 . Two major sources of error in determining λ 0 may be: (i) that the filter is not homogeneously packed, and (ii) that there are inaccuracies in determining C eff . The former is more pronounced for filters of small height and the latter may become significant at low particle concentrations. To minimize errors, λ 0 can be determined based on data from filters of different heights while keeping all other conditions constant. λ 0 may be obtained by minimizing the objective function, φ(λ 0 ) defined as [6] where L m denotes the filter height used for the m-th experiment and there are M experiments. The values of λ 0 obtained from Eq. [6] were found to be essentially the same as those from Eq. [5] . As an example, for the case of Nylon 6 powder without electric field, (i.e., L = 3 cm for experiment No. 01), λ 0 according to Eq. [5] was 0.64 cm −1 . On the other hand, based on the data collected under the same conditions but with a bed height of 10.50, 8.4, 6.7, and 4.5 cm, respectively (Table 4) and Eq. [6] , λ 0 was found to be 0.68 (see Table 4 ). The difference was insignificant and within the error of particle concentration measurement. As an indication of the effect of the electric field and pH values on the initial filter coefficient, the results of two cases (Nylon 6 powder and Nylon 6-PPy powder) are shown in Fig. 8 , in the form of λ 0 /(λ 0 ) B vs E with pH as a parameter where (λ 0 ) B is the value of the initial filter coefficient obtained at the conditions of no electric field and pH 3.5. Because of the smallness of the data base, generalizing the behavior shown in these figures should be made with caution.
Transient State Behavior
For cases exhibiting transient behavior, λ is a function of the extent of deposition or σ . This relationship, in principle, can be found by matching experimental effluent concentration history (C eff vs θ ) with the corresponding solutions of Eqs. [1] - [4] by applying search and optimization techniques. The procedure, however, can be rather tedious and time consuming.
To avoid this computation-demanding task, one may apply a simplified procedure by establishing a relationship between λ and σ on an average basis. An average filter coefficient may be defined from Eqs. [1] - [4] to be
The average specific deposit, (σ ) av , can be found from mass balance to be
From the influent/effluent concentration history data, one can obtain (λ) av vs (σ ) av as shown in Fig. 9 . Despite the scattering of 
TABLE 5 Values of k Determined from Transient State Data
Using Two Different Methods data points, a trend of decreasing (λ) av with increasing of (σ ) av can be easily discerned in most cases. As an approximation, the results may be expressed as
A summary of the k values obtained by linearly regressing (λ) av vs (σ ) av is given in column a of Table 5 .
It has been suggested (16) that Eq. [9] can be used as an approximate relationship between λ and σ to describe the change in λ with deposition. Its validity will be discussed in a later section.
Analytical solutions of Eqs.
[1]- [4] are generally unavailable except for a few special cases. If λ is a linearly decreasing function of σ , or
the solution is known to be (17)
The effluent concentration history can be found from Eq. [11.a] by letting Z = L and upon rearrangement, one has
. [12] Note that [13] or
According Eq. [12] , there is a semilogarithmic relationship between E/(1 − Table 5 (k), respectively.
From Table 3 , a comparison of the values of λ 0 obtained from the two different methods can be made. Method a is based on Eq. [5] , while Method b is based on Eq. [11.a] to Eq. [14] . For most cases (11 out of a total of 15), the difference is less than 25%. Even for the worst case (Experiment No. 4), the ratio of the larger to smaller value is less than 1.6. Considering the logarithmic relationship between C eff and λ 0 , and the inherent limitation in particle counting, the agreement is rather good.
The two sets of k values listed in Table 5 differ from each other significantly. To assess their accuracies, a comparison between the experimentally determined effluent histories with predictions (λ 0 and appropriate values of k) was made. Some of the typical results are shown in Fig. 11 . In most cases, predictions based on k obtained from the plot of ln[(C in /C eff ) − 1] vs θ (column b of Table 5 ) agree very well with experiments. On the other hand, differences between experiments and predictions based on k values obtained on the average basis (column a of Table 5 ) are large and predictions consistently overpredict the values of C eff based on these comparisons. One may conclude that Eq. [10] gives the correct relationship between λ and σ and Eqs. [11.a] and [11.b] can be used for predicting the dynamic behavior of electrofiltration of the systems studied in this work.
A simple explanation of the observed decrease of λ with σ with reference to Fig. 9 can be offered as follows. One may surmise that the surface interactions between latex particles are generally more unfavorable than those between latex particles and filter grains. Because of the above factor, filter grain areas (or parts of the grain areas) covered with deposited particles and/or their immediate neighborhood may become excluded from subsequent deposition. As a result, the filter coefficient is found to decrease with σ .
The exclusion effect may be seen by comparing the area physically covered by deposited particles with the size of the excluded area. In a unit of filter medium volume, the number of filter grains is (1−ε)/[(4/3)πa to σ , the number of deposited particles is σ/[(4/3)πa 
.
[15]
The area covered by one deposited particle can be approximated to be πa 2 p . The surface area of a particle grain is 4πa 2 g . Thus corresponding to σ , fractional coverage (assuming that there is no multilayer coverage), θ is
In terms of θ , Eq. [10] becomes
The quantity 4(1 − ε)(a p /a g )k can be considered as the multiplying factor characterizing the extent to which the exclusion effect is extended (if the value is greater than unity) or confined (if the value is less than unity). For the present study, (a p /a g ) is of the order 10 −2 -10 −3 and ε ≈ 0.5. The k values listed in Table 5 cover a wide range, but for the majority, k is of the order 10 3 or even greater. Accordingly, the calculated values of 4(1 − ε)(a p /a g )k are much greater than those reported by Johnson and Elimelech (16) in their study of colloid deposition in granular media without an electric field. The results therefore seem to suggest that deposited particles play a role in diminishing the electrophoretic effect in promoting particle deposition.
To conclude the discussion, the present study demonstrated clearly the increased particle deposition in electrofiltration. Enhancement of deposition is manifested in the decrease in effluent particle concentration with the application of electric field (see Fig. 4 ) and the deleterious effect of deposition on the filter coefficient. The presence of an electric field apparently favors the movement toward and adhesion of suspended particles onto the filter grains (conventionally it is customary to view deposition as a two-step process: transport, and adhesion). This argument, strictly speaking, is questionable if the particle inertial effect is negligible and particles do not bounce off after initial contact with the filter grains. In the absence of the inertial effect, deposition requires the transport of the particle to a close proximity of the filter grains such that the surface interaction forces between filter grains and particles render the particles immobilized. Thus adhesion is really a part of the transport process. The extent of the enhancement, in principle, can be estimated from the classical trajectory analysis if the electric field around the filter grain can be accurately described for different degrees of deposition. This requirement is not likely to be met with our research knowledge about electrostatics and flowthrough filter media.
A simpler and more direct way of studying this problem is to establish a relationship between the increase in filter coefficient (over the case of no electric field) and k values and the various operating variables and quantities characterizing the electric field. This, in turn, requires a systemic collection of a large body of experimental data over a wide range of experimental conditions. Such a study is being planned by the authors in their laboratory.
SUMMARY
The results obtained from this study indicate the important role played by the electric field in the deposition of particles from suspensions flowing through granular media. The conclusions one may draw include:
(1) The filtrate quality (in terms of particle concentration) depends strongly on the applied electric field strength and the conductivity of the filter media. In general the application of an electric field and the use of a conductive filter medium enhances the particle collection.
(2) Particle collection is favored at lower pH values. (3) Typical transient behavior, namely, the filtrate quality deteriorating with time was observed in all cases.
(4) The decrease in filter coefficient with the extent of deposition can be expressed by a simple linear equation (Eq. [10] ). A simple method of determining this relationship was established.
(5) The dynamic behavior of the filtration process can be adequately described by an expression involving the filter coefficient (λ) and the filter-bed permeability (k) as shown in Eqs. [ 
